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Abstract 
Christopher R. Oliver 
University of Windsor 
Verbal Estimation of Peak Dynamic Hand Forces as a Percentage of Maximal 
Effort. 
The purpose of this study was to determine if trained people could accurately 
report their peak dynamic hand forces verbally during a variety of pushing and pulling 
tasks (3 heights, 3 force levels). Four groups of subjects (n=40) received different 
amounts of feedback training on the amount of force they were exerting (from 0 to 100% 
MVC). Despite differences in feedback training, the four groups reported hand forces 
similarly during testing. Overall, hand forces were reported better by males than females 
(mean error = 13.1% MVC and 15.5% MVC), for pushing than pulling tasks, and at the 
low force level (mean error = 8.5% MVC). Subjects underestimated their level of 
exertion 75% of the time, on average. There was a strong relationship between actual 
and self-reported hand forces for the pushing and pulling exertions tested, as indicated by 
the generated prediction equations (adjusted R ranged from 0.61 to 0.75). 
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Glossary of Terms 
CCOHS - Canadian Centre for Occupational Health and Safety is a federal agency that 
promotes health and safety in the Canadian workplace. 
MVC - The Maximum Voluntary Contraction (MVC) is a measure of a maximal 
contraction that a particular muscle can voluntary produce. This is a measurement of 
force and therefore reported in Newtons for the purpose of this study. 
MMH - Manual Material Handling incorporates pushing, pulling, lifting, lowering, or 
any other similar task in which an object is moved under the power of the human being. 
WSIB - Workplace Safety & Insurance Board promotes workplace safety, and it 
provides a worker's compensation system for the workers and employers of Ontario. 
sEMG - Surface Electromyography is a technique that involves placing electrodes on the 
skin over a desired muscle of an individual to measure the muscle's activity level. 
SI - The Strain Index method assesses jobs that are associated with a higher risk of a 
musculoskeletal disorder in the upper extremities (hand, wrist, and elbow). 
MAF - Maximum acceptable frequency is a rate that is selected by subjects that they find 
comfortable to work at for an entire shift. 
ANOVA - Analysis Of Variance is a statistical model that is used to compare means. 
Hand Force - The total force exerted at the hands as a result of the many muscles that 
help produce the desired movement. 
Feedback - This term is defined as the inherent and concurrent visual, auditory, tactile, 
and kinematic information that the subject can derive from the task as they perform the 
training section of this study. 
1.0 Introduction 
Manual material handling (MMH) often involves pushing, pulling, lifting and 
lowering, which are all very common movements in today's industries (Kumar, 1995; 
Hoozemans et al., 1998; Theado et al., 2007). Unfortunately, MMH can also leave 
workers at a higher risk of musculoskeletal injury. For example, between 1986 and 1995, 
a longitudinal study conducted on the coal mining industry, found an estimated 41,000 
injuries associated with MMH in the United States alone (NIOSH, 2000). In Canada, it 
has been estimated that three out of every four workers whose jobs involve MMH will 
suffer pain due to a back injury at some time in their lives (Canadian Centre for 
Occupational Health and Safety (CCOHS), 1997). Each year, the CCOHS has 
approximated that nearly 8000 Canadian workers are permanently disabled by some form 
of a back injury. Industries such as the automotive sector, nursing, carpentry, and sea 
ship maintenance all involve MMH and have also been noted as having an increased risk 
of injury (Potvin et al , 2000; Karwowski et al., 2005; Hammarskjold et al., 1990; van 
Wendel de Joode et al., 1997). 
In order to investigate how pushing and pulling influence the risk of a 
musculoskeletal injury, it is crucial to identify the hand forces or the forces exerted 
during the movement (Gaughran and Dempster, 1956; Dempster, 1958; de Looze et al, 
2000). Hand forces are key inputs to many biomechanical models (Delleman et al., 
1992) and have been shown to be biomechanical risk factors for various musculoskeletal 
injuries (Silverstein et al., 1986; Spengler et al., 1986; Moore and Garg, 1995; Koppelaar 
and Wells, 2005). One of the major limitations of current methods used to acquire 
dynamic hand forces in the workplace is the inability to record the hand forces inline with 
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the workers' performing their tasks (Spielholz et al., 2001; Marshall et al., 2004; 
Koppelaar and Wells, 2005). Previous researchers have used direct measurement 
techniques such as electromyography (Gagnon et al., 1987; Marras et al., 1999) and force 
gauges (Hoozemans et al., 2001) to evaluate hand forces, which have been shown to 
provide more precise readings, but necessitate mock-ups off-line in many cases. Having 
to constantly mock-up jobs creates an undue amount of interference with a worker's 
normal routine (Spielholz et al , 2001; Marshall et al., 2004; Bao and Silverstein, 2005; 
Koppelaar and Wells, 2005), and this added interference has led to an unfortunate trade-
off between accuracy and cost (Wells et al., 1997; Hoozemans et al., 2001; Dempsy et al., 
2005; Koppelaar and Wells, 2005). 
To combat the problem of having to mock-up jobs off-line, psychophysics, the 
science of both the biomechanical and physiological sensory integration of the human 
being, is used by many researchers. One major advantage of using a psychophysical 
approach is that it allows for a more realistic simulation of a job (Snook, 1985). 
Psychophysics has been used in the past to determine acceptable weight limits for lifting, 
lowering, pushing, pulling, and carrying tasks (Snook 1978; Snook and Ciriello 1991), 
torque levels (Moore and Wells, 2005), hand impacts during trim installation (Potvin et 
al., 2000), hose insertions (Andrews et al., 2007), and to determine the acceptability of 
assistive devices for transferring patients in a nursing home (Zhuang et al., 2001). Even 
though psychophysics is a well-accepted technique in the scientific community, it has its 
downfalls, namely its subjectivity. Two key factors that have been shown in previous 
literature to modify an individual's sensations are posture (Snook et al., 1995; Potvin et 
al, 2000) and frequency of the task being performed (Kim and Fernandez, 1993; Dahalan 
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and Fernandez, 1993; Snook et al., 1995; Potvin et al., 2000). More direct measurement 
techniques such as electromyography (EMG) also have their limitations. When using 
EMG, the muscle selection, electrode arrangement, and filtering techniques can all 
greatly influence the findings obtained by the researcher (Elfving et al., 2002). As well, 
using equipment such as force transducers to acquire hand forces can be greatly limited 
by the size of the device being used, which has been shown in previous work to alter how 
people perform certain tasks (Oliver et al., 2006). 
A cost effective and promising approach for the acquisition of an individual's 
hand forces involves having people verbally estimate the level of exertion just after they 
perform a task (Marshall et al., 2004). This approach can eliminate the need to perform 
mock ups of jobs off-line and can reduce worker interference. In this study, the 
agreement between the actual and self-reported forces was found to be encouraging in 
general. However, the activities tested were not representative of the range of 
challenging MMH tasks that are normally seen in the workplace, which often require 
workers to operate over larger reach envelopes and utilize larger muscle groups. In 
addition, it may not be practical to train workers how to verbally report their hand forces 
prior to performing each task due to the time necessary to administer the training 
exertions. Therefore, the timing of, and how the training is presented to the subjects, are 
very important. 
If a sufficiently strong relationship between self-reported and actual peak dynamic 
hand forces was determined, across a range of pushing and pulling activities, a simple 
method for field use could be developed to help 'calibrate' workers to report their actual 
hand forces during work. In this way, the documentation of peak dynamic hand forces in 
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occupations such as nursing, which are inherently challenging to assess without 
interfering with normal work practices, would be facilitated. 
1.1 Purposes 
Therefore, the purposes of this thesis are: 
1. To determine the effect of feedback training on self-reported peak dynamic hand 
forces. 
2. To identify if there are any differences in the reporting of peak dynamic hand forces 
between the sexes. 
3. To compare actual and self-reported peak dynamic hand forces from a variety of 
MMH tasks requiring pushing and pulling in different directions and positions. 
4. To investigate how the magnitude of force (low, medium, and high levels) being 
exerted by the subject influences the reporting of their peak dynamic hand forces. 
5. To quantify the magnitude of any under/overestimations in self-reported peak 
dynamic hand forces. 
6. To create regression equations that can be used to predict actual hand forces from self-
reported hand forces. 
1.2 Research Questions 
1. Does the presence of feedback during training improve how subjects are able to report 
their peak dynamic hand forces compared to when no feedback is present? 
2. How does the amount of training influence the subjects' abilities to report their peak 
dynamic hand forces? 
3. Is there a sex difference in peak dynamic hand force reporting? 
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4. Are peak dynamic hand forces reported with similar accuracy for pushes and pulls? 
5. Is there a difference in the accuracy of self-reported peak dynamic hand forces as a 
function of the amount of force exerted (low, medium, high levels)? 
6. Are subjects more likely to over or underestimate their level of exertion? 
7. What is the nature of the relationship between a subject's self-reported hand forces 
and their actual hand forces? 
It is important to note that the term hand force has not been universally defined in 
the past and has created confusion in the literature (Koppelaar and Wells, 2005). For this 
study, hand forces were defined as the total force exerted at the hands (not the grip force), 
as a result of the many muscles that help produce the desired movement. 
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2.0 Review of Literature 
2.1 Pushing and Pulling in Relation to Musculoskeletal Disorders 
Manual material handling (MMH) is still very common in today's industries 
(Kumar, 1995; Hoozemans et al., 1998). The majority of research on the relationship 
between MMH and musculoskeletal disorders (MSD) has focused on lifting and carrying 
(Chaffin and Anderson, 1991; de Looze et al., 2000), with work related to pushing and 
pulling lacking in relative terms (Hoozemans et al., 1998; Laursen and Schibye, 2002). 
However, pushing and pulling have been noted to account for almost half of all MMH 
activities (Kumar, 1995). 
More recent research (Kumar, 1995; Hoozemans et al., 1998; de Looze et al., 
2000; Schibye et al, 2001; and Hoozemans et al., 2002) has investigated the relationship 
between pushing and pulling and the resulting demands placed onto the shoulders and 
lower back. The shoulders and lower back are two areas of interest because they have 
been shown to have a large amount of stress present while pushing and pulling, yet they 
have been neglected in the past by researchers (Hoozemans et al., 1998). Pushing and 
pulling are common movements seen in any work place, and the types of injuries 
resulting from these movements can be very diverse and therefore hard to categorize 
(Canadian Centre for Occupational Health and Safety (CCOHS), 1997). Secondary 
injuries that can occur from pushing and pulling can range from slips and falls (Chaffin, 
1987; CCOHS, 1997), to injuries to the fingers, hands, and lower extremities (CCOHS, 
1997). 
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2.1.1 Epidemiological and Survey Data 
In 2002, Hoozemans et al. considered the association between an individual's 
exposure to pushing/pulling and their response to shoulder and lower back complaints. 
They administered a questionnaire to 434 workers which looked at the level of exposure 
to pushing, pulling, and other risk factors that may have influenced the low back and 
shoulder complaints. Shoulder problems were found to increase when exposure levels to 
pushing/pulling increased. Also, low back complaints were less consistently associated 
with pushing/pulling. However, in an earlier study done by Hoozemans et al. (1998), 
they concluded that from epidemiological studies, pushing/pulling is associated with low 
back pain; therefore, both low back and shoulder pain can be the result of performing 
pushing and pulling movements on a daily basis. 
Laursen and Schibye (2002) looked at pushing and pulling a two-wheeled 
container on three surface types: flagstones, paving stones, and grass. Shear and 
compression values for the lumbar spine in all conditions were found to be low, which 
lead them to conclude that pushing and pulling a two-wheeled container on a straight line 
on a flat surface, was safe for the lower back under these conditions. This may not be 
representative of an actual working environment because in most cases workers are 
required to push and pull objects over a variety of surfaces, with varying levels of 
elevation, and not in a straight line. Therefore, if the worker is required to push/pull a 
loaded cart on a rough surface as seen at a construction site, shear and compression 
values may exceed safe levels. 
Physical demands on workers at two ship maintenance companies were assessed 
and it was found that high levels of pain and injury were present in the workforce (van 
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Wendel de Joode et al , 1997). From a health survey given to all 36 participants, 80% 
reported having recent back pain and 60% identified that they had some form of 
neck/shoulder pain in the last 12 months. Two tasks that comprised the majority of the 
work performed by these workers included some form of pushing (cleaning dock, grit 
blasting), and pulling (paint spray hoses and long grit blast hoses). Grit blasters were 
found to produce, on average, 400 N force pushes and pulls during their work. These 
stressful tasks were performed for between 30 minutes and 5 hours per day. It was 
concluded that these jobs, that involved pushing and pulling, placed the workers at a high 
risk of developing an injury to the back and shoulders, as well as other musculoskeletal 
disorders. 
2.1.2 Direct Measurement Techniques Used to Identify Musculoskeletal Loads 
Schibye et al. (2001) compared the mechanical load on the low back and 
shoulders during pushing/pulling and lifting/carrying containers of the same mass. A 
comparison between these common movements was made because lifting and lowering 
tasks are being replaced by pushing and pulling tasks in many workplaces (Schibye et al, 
2001). Torque levels at the low back and shoulder were found to be low during pushing 
and pulling, whereas lifting a bag with the same amount of waste caused compression 
values to be higher than acceptable. From this finding, lifting and lowering are still more 
injurious than pushing and pulling an item with the same amount of mass. However, 
musculoskeletal issues can still arise from pushing/pulling when either the frequency of 
the task is increased (Hoozemans et al., 2002) or the level of force required to perform 
the movement is increased (van Wendel de Joode et al., 1997). Therefore, pushing and 
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pulling should not be solely relied on in industry as safe movements, due to their 
potentially hazardous nature. 
A study done on the direction of force application, as it relates to varying handle 
height, in a dynamic push and pull setting, was conducted by de Looze et al. (2000) to 
identify the torques present at the shoulder and the L5/S1 joints. Subjects were required 
to walk on a treadmill while pushing or pulling at three different Force Levels on a 
stationary handle bar that was set at three different heights. The main finding from this 
study suggests that not only is the magnitude of the force required when evaluating the 
musculoskeletal load placed on an individual, but also the direction of the force exertion 
with respect to the body should be known for the most accurate estimates for low back 
and shoulder torques. This has implications in occupations such as nursing where they 
(nurses) are often required to push/pull wheelchairs at set heights, de Looze et al. (2000) 
have argued that handle height clearly affects both the torques created at the shoulder 
joint and the lower back, with those workers who are above or below the optimal handle 
height being placed at a higher risk of a shoulder or back injury as a result. 
de Looze et al. (2001) looked at several construction jobs that required workers to 
perform heavy manual work and where workers were experiencing high levels of injury. 
A brick layer's assistant was investigated because this particular job involved heavy 
pushing throughout the day. The job required the individual to transport brick and mortar 
to the brick layer via a wheelbarrow across a section of the construction site. 
Researchers' implemented a crane system to alleviate the pushing component of this 
worker's task. In the end, this modification lowered the level of physical stress that had 
been placed on the worker and therefore reducing the chance of an injury, de Looze et al. 
9 
(2001) identified a situation in which there was a high rate of injury in a job as a result of 
pushing and replaced the laborious components of the job with mechanical equipment. 
Consequently, pushing heavy equipment on a daily basis can be avoided and therefore, 
reduce the risk of a musculoskeletal disorder. 
In summary, lifting and lowering movements are being replaced with pushing and 
pulling in many workplaces (Schibye et al., 2001). As a result, performing pushing and 
pulling jobs account for almost half of all MMH tasks (Kumar, 1995) which have been 
subsequently shown to be the origin of many primary and secondary injuries (CCOHS, 
1997). The epidemiological research has shown that there is a direct link between 
performing pushing/pulling tasks and the resulting injuries to the lower back and shoulder 
area. Therefore, pushing and pulling tasks should be avoided when either the situation is 
highly repetitive or exceedingly heavy. This will reduce the amount of risk to the 
worker. 
2.2 Hand Forces 
Acquiring dynamic hand forces quickly and accurately is an ongoing challenge 
for ergonomists and researchers in workplace settings. Because hand forces have been 
shown to be biomechanical risk factors for musculoskeletal injuries (Silverstein et al, 
1986; Spengler et al., 1986; Moore and Garg, 1995; Koppelaar and Wells, 2005), it is in 
the interest of the ergonomist to be able to identify what the worker's hand force 
application is on the job. Another key reason why hand forces need to be accurately 
assessed is because they serve as inputs to many biomechanical models (Delleman et al., 
1992). It is important to note that the term hand force has not been universally defined in 
the past, which has created confusion in the literature (Koppelaar and Wells, 2005). For 
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this study, hand forces were defined as the total force exerted at the hands, as a result of 
the many muscles that helped produce the desired movement. It will not refer to the 
actual grip force exerted by the participants. 
A common problem in identifying jobs that pose a risk to the worker is the time 
and cost that it takes to perform a technical analysis of a job (Hoozemans et al., 2001; 
Spielholz et al., 2001; Marshall et al, 2004; Bao and Silverstein, 2005; Koppelaar and 
Wells, 2005). Direct measurement of hand forces in the field using traditional techniques 
such as electromyography (Gagnon et al., 1987; Marras et al., 1999) and force gauges 
(Hoozemans et al , 2001), can provide precise readings, but necessitate mock-ups offline 
in many cases, which interfere with normal work activities (Spielholz et al., 2001; 
Marshall et al, 2004; Koppelaar and Wells, 2005). 
Other methods have been used in the past to combat the accuracy-cost trade-off 
including self-reporting methods (Marshall et al., 2004; Spielholz, 2006), observational 
methods (Koppelaar and Wells, 2005), and force matching based approaches (Wiktorin et 
al., 1996; Bao and Silverstein, 2005). Marshall et al. (2004) argued that self-reporting of 
an individual's hand force is one way in which a researcher or ergonomist can easily and 
fairly accurately acquire dynamic hand forces (R = 0.64-0.81). Force matching at the 
group level has been shown to be accurate and consistent (Bao and Silverstein, 2005) 
with coefficient of variations ranging from 23 to 54%, whereas Wiktorin et al. (1996) 
identified that absolute force recall is not good, but relative force recall is acceptable. On 
the other hand, observational methods used by practitioners to estimate hand forces are 
often inaccurate tools unless they are accompanied by force gauge data and feedback 
information during the assessment (Koppelaar and Wells, 2005). 
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Therefore, the challenge that ergonomists and researchers are facing in the 
assessment of dynamic hand forces is still a major concern. One of the main reasons for 
trying to improve dynamic hand force assessment techniques is that they are used in 
numerous biomechanical models (Delleman et al., 1992) and other methods such as the 
Strain Index (Moore and Garg, 1995). With the improvement of a more cost-effective 
and accurate technique, such as the one used in Marshall et al. (2004), the outputs from 
any biomechanical model or other method that utilizes hand forces will be improved. 
2.2.1 Psychophysical Approach Used to Acquire Hand and Grip Forces 
Marshall et al. (2004) looked at the accuracy and precision with which trained and 
untrained subjects could verbally estimate the force they exerted (as a percentage of their 
Maximum Voluntary Contraction or MVC) in 12 manual material handling tasks. There 
were two phases to this study: The training phase, where verbal feedback was given to 
the subjects prior to testing; and the testing phase, in which subjects had to estimate, as a 
percentage of their maximum, the magnitude of their exertion. Three groups were 
studied. The first group served as controls and were not given any supplemental 
feedback training. The MVCs for the control group were based on pilot work that had 
been completed at an earlier time. The second group of subjects were exposed to one 
level of supplemental training and that was at 100% of their MVC. The third group of 
subjects were exposed to three levels of supplemental training (25%, 75%, and 100% 
MVC). During the testing phase, subjects performed as many repetitions as they needed 
to assess a given force level in all of the 12 tasks (2 or 3 tries per task were reported on 
average). The error rate decreased from 14%, to 4%, to 3% from the control group to the 
3 levels of training group, respectively. Also, there was an improved precision rate from 
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the control group to the group that received 3 levels of training, which was evident 
through smaller standard deviations. The results from this study suggest that the 
agreement between the actual and the self-reported hand forces is encouraging. 
However, the tasks that were chosen for this study included only hand intensive tasks 
with training being administered prior to performing each task. The area in which this 
study could be improved upon would be to look at tasks that are more representative of 
the challenge that many MMH tasks pose to the worker. 
McDowell et al. (2006) studied the potential for using psychophysical force recall 
methods to estimate grip and push forces when operating vibrating hand tools at different 
frequencies and after different time delays. Grip and push forces were displayed to the 
subject for a period of time during which they could try to memorize the feeling they 
experienced during the exertion. They had 45 seconds at each of the three levels (15 N 
grip/ 25 N push, 30 N grip/ 50 N push, and 45 N grip/ 75 N push). At the end of the 45 
second period they were given 10 or 20 seconds of rest. After either 10 or 20 seconds of 
rest, subjects were asked to reproduce the force with no vibration and no visual feedback. 
It was reported that subjects' overestimated both grip and push forces; especially during 
vibrations exposures of 40 and 125 Hz. As well, it was identified that as the target force 
level increased, the force recall ability of the subject also increased. A similar finding 
was reported by Marshall et al. (2004). Overall, researchers have concluded that the 
force recall method that they utilized is an acceptable technique to use in place of more 
technical instrumentation. 
In 2006, McDowell et al. used a psychophysical force recall method to determine 
how well subjects could reproduce a given force on a hand dynamometer after using a 
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tool that was vibrating. The results indicated that subjects overestimated both grip and 
push forces, with the magnitude of the overestimations increasing as the target force 
levels increased. However, correlations between the test and retest, which was held a 
maximum of seven days later, indicated that people were able to perform the selected 
tasks with a high degree of accuracy and repeatability (test-retest correlation grip = 0.68 
and push = 0.82). These results are similar to the findings seen by Hammarskjold et al. 
(1990) on experienced carpenters. They found that the variability between subjects was 
low during the retest session. If people are repeatable in their force application, then 
training will be an essential tool when administering a psychophysical methodology, 
because subjects that are trained on selected force levels (i.e. as a % of their MVC) will 
hopefully remember those levels better and may be able to report their exertion level 
more accurately. 
Spielholz (2006) attempted to calibrate Borg scale ratings to hand force exertion 
for gripping activities. Subjects were required to apply pinch and power grip forces 
corresponding to their perceptions on the Borg CR-10 scale. In the first condition, 
subjects had to perform a "grip-to-scale" calibration technique which involved having 
subjects perform a grip force that corresponded to a 2 and a 5 on the Borg CR-10 scale. 
Subjects were calibrated by being verbally guided to the two previously mentioned levels 
where they were then asked to rate the level of exertion. Two final tasks were performed 
to identify if there were any differences in the calibration methods; one requiring a power 
grip 44.5 N (10 lbs) and the other a pinch grip of 8.9 N (21bs). Overall, subjects' abilities 
to rate their level of exertion improved as noted in the smaller average error estimation 
for the power grip task (142.8 (± 69.0) to 62.3 (± 58.3) N). The guided-grip calibration 
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method also reduced the rating error for the power grip task (results were biased towards 
zero), but neither of the calibration methods were effective in reducing the error rate for 
the pinch grasp task. These findings are similar to Deeb (1999), and Potvin et al. (2000), 
in that they indicate that individuals are able to be calibrated to a psychophysical rating 
scale and improve their ability to self-report a given exertion level. 
Factors affecting grip force estimates were investigated by McGorry et al. (2004), 
with special attention being given to the measurement system utilized and how training 
may influence grip force estimates. Subjects, in the first component of the study, were 
given concurrent feedback while they squeezed a hand dynamometer to four separate 
target force levels. Once the training was complete, the feedback was removed and then 
subjects were asked to try and reproduce the same four target force levels that they were 
just trained on. Next, subjects performed a cutting simulation where they cut modelling 
clay. After every four cuts, subjects had to try and recreate the force that was used to cut 
the modelling clay on a hand dynamometer. They found that there was a large amount of 
variability that existed between subjects' grip force estimates. Also, contrary to several 
researchers (e.g. Deeb, 1999; Potvin et al., 2000; Marshall et al., 2004; and Andrews et 
al, 2007), McGorry et al. (2004) identified that training did not improve the subjects' 
ability to estimate their grip forces. Therefore, the effects that training has on an 
individual's ability to report their exerted force levels is unclear and should be the focus 
of more research in the future. 
2.2.2 Self-Reporting Hand Forces 
Previous research that has used self-reports to try and identify hand forces has had 
mixed results. Hoozemans et al. (2001) found that experienced construction workers 
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were unable to estimate the hand forces that they exerted in a familiar task. On average, 
workers overestimated their actual hand force production by 50%. In agreement with this 
finding, Spielholz et al. (2001) also identified that when subjects had to report their 
perceived level of hand force exertion, they were imprecise and often overestimated their 
force level. 
Several other studies have shown the potential benefits of using a technique such 
as this. A more recent paper done by Koppelaar and Wells (2005) examined several 
techniques that have been used in the past to acquire dynamic hand forces and they found 
that subjects were able to classify their hand force on a visual analogue scale with 
moderate consistency (mean between-participant reliability coefficient = 0.73). More 
promising results were found by Wiktorin et al. (1996), where they concluded that people 
were not capable of accurately assessing their hand force in absolute terms, but they were 
able to accurately assess those forces fairly well in relative terms. This finding has been 
supported by an investigation of how well subjects could match a force using different 
muscle groups (Jones, 2003), and how well subjects could match a force while 
performing a bench press task (Jackson and Dishman, 2000). The notion that people 
have the ability to perceive forces in relative terms is beneficial to self-reporting research 
because subjects can be given training over a range of forces to improve their estimates. 
Also, Marshall et al. (2004) used a methodology that required subjects to verbally report 
their hand forces as a percentage of their maximum and found that subjects were able to 
correctly identify their hand forces in many cases. 
The ability of workers to be able to quantify their hand force via self-report after 
performing several common MMH tasks, was investigated by Wiktorin et al. (1996). 
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Three experiments were carried out: first, subjects had to reproduce and estimate a given 
force; secondly, subjects had to estimate the masses (range - 1 to 30 kg) of five different 
boxes; lastly, subjects were given a force and had to produce it on the handle of a 
measuring device (10 to 300 N). The force the subjects had to exert in part 1 lasted 3 
seconds in length and in total they performed 16 trials. In the second experiment of the 
study, a cover was put over the box so that the subjects did not see the weights, and in 
total they performed 5 lifts. In the third component of the study, subjects had to perform 
three pushes and three pulls (3 angles) with five levels of force (10, 50, 100, 150, and 300 
N), which had been previously determined by Wiktorin et al. (1993) as acceptable. It was 
found that subjects had the ability to reproduce the magnitude of the task with a high 
degree of accuracy (intraclass correlation coefficients ranged from 0.75 to 0.95), whereas, 
their ability to quantify these forces into Newtons was not as good (product moment 
correlation coefficients ranged from 0.21 to 0.69). In the second experiment, it was 
identified that subjects generally underestimated the weights of the five loaded boxes. 
Lastly, in the third experiment, subjects often exerted high levels of force when low 
levels of force were required and produced lower forces when high forces were required. 
Overall, subjects demonstrated an ability to accurately assess a level of force in relative 
terms, but their ability to characterize these forces in absolute terms was poor. This 
demonstrates that self-reports can be a method used to assess hand forces in a dynamic 
setting, once the subjects have been trained or calibrated to the desired force rating scale. 
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2.2.3 Combination of Methods 
In this section, the studies mentioned have all used a combination of the methods 
that are currently available to researchers and ergonomists for trying to assess hand forces 
in a work setting. 
Spielholz et al. (2001) compared three methods of quantifying hand forces in a 
tree nursery. The methods that were investigated included self-report questionnaires, 
video observations, and direct measurements (goniometer, EMG). Self-report 
questionnaires were found to be the least precise of the assessment methods (usually by 
overestimating exposure). Also, things such as grip force and arm velocity, which have 
been shown to be risk factors for musculoskeletal disorders (Marras and Schoenmarklin, 
1993), were shown to be best quantified by the electrogoniometer and electromyography. 
However, Spielholz et al. (2001) also identified that using EMG to capture dynamic hand 
forces was inaccurate. 
Koppelaar and Wells (2005) looked at five separate methods that could be used in 
either the lab or workplace setting in order to identify hand forces. The purpose of their 
study was to compare the strengths and weaknesses of five separate measurement 
methods used for quantifying hand force. The five methods included two direct 
measurement techniques, force transducers and electromyography; an observational 
method; and two self-reporting approaches, force matching and a visual analogue scale. 
Both force matching and rating on a visual analogue scale were found to have moderate 
to good coefficients of variation between subjects. The method that had the poorest 
reliability was the observational method (without any feedback) (between-observer 
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reliability coefficient = 0.48), whereas the best method was the combination of the force 
transducer with observational feedback present. 
Hoozemans et al. (2001) validated several methods that have previously been 
used to assess push and pull tasks in a construction setting, and investigated several 
questions: Can a hand-held force gauge be used to validly assess push and pull forces?; 
Are workers able to reproduce these forces by means of a simulation?; and, Are subjects 
able to quantify these push/pull forces correctly by way of self-reporting? All pushes and 
pulls were performed on a concrete hopper which is a device that is used to pour concrete 
into the forms of a building's foundation. They found that forces taken from the force 
gauge were not significantly different compared to those taken from the precise 
measuring device that the researchers had previously designed, except in the peak push 
category. In that case, forces recorded by the force gauge were significantly lower than 
those found by the precise measuring device that was attached to the concrete hopper. 
Researchers attributed these lower values recorded by the force gauge to be caused by the 
size of the transducer interface. When the task was reproduced with the force gauge 
outside of the normal work environment, against a fixed object, all of the forces 
experienced were much lower than those on the measuring device (except for mean pull 
forces). Self-reports caused an overestimation of forces produced in both the push/pull 
categories by 50%. They concluded that experienced construction workers were not 
good at estimating the level of force they exerted during push and pull manoeuvres. 
Morose et al. (2004) evaluated the usability of a force and moment wrench to 
describe the demand on the distal arm tissues and perceived exertion during static 
gripping activities. The tasks involved in this study were a variety of pinches, grasps, and 
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holds. For all grips and tasks, Morose et al. (2004) found that there was a linear trend 
that existed between the ratings of perceived exertion and the instrumented task wrench 
productions rating of perceived exertion. As a result, it is evident that individuals are 
able to report levels of perceived exertion comparable to more technical measurements. 
This is beneficial for those who wish to identify levels of exertion without the use of 
significant instrumentation. 
Bao and Silverstein (2005) examined how well subjects could report their hand 
forces in ergonomic job evaluations. The study aimed to look at how well people could 
match their pinch and power grip forces on a hand force dynamometer, to study the 
relationship between hand grip force and the muscle activities of three forearm and hand 
muscles. Force matching was found to be consistent at the group level, but they 
identified that how the instructions were given was very important. They also argued that 
the ability of the subject to perform a force matching estimation may depend on the 
perceptions of several major muscle activities. The findings from this study coincide 
with those found by Li and Leonard (2006) and Jones (2003), in that the estimation of 
force matching is dependent on how people perceive their physiological level of exertion. 
2.2.4 Effect of Hand Loads on the Low Back 
Hand force has been shown to be a risk factor for various musculoskeletal injuries 
in the workplace (Silverstein et al., 1986; Spengler et al., 1986; Moore and Garg, 1995; 
Koppelaar and Wells, 2005). Biomechanical models of the low back are used extensively 
in research and in industrial applications to provide estimates of internal joint loads, such 
as spine compression and shear forces that can both be used to predict the risk of injury 
associated with specific job demands. A common feature of many low back 
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biomechanical models is that hand forces are necessary inputs (Chaffin and Park, 1973, 
McGill, 1992, McGill et al., 1996). 
Most often, compression forces are calculated at the level of a particular 
intervertebral disc in the lower back (e.g. L3-L4, L4-L5, or L5-S1) because the majority of 
the damage that occurs to a disc takes place in the lumbar spine region (Delleman et al., 
1992). Delleman et al. (1992) described two main approaches that are used to study the 
maximum tolerance of the intervertebral disc, or the forces acting on the disc as a result 
of environmental demands. The first approach, in which a maximum acceptable value of 
an intervertebral disc is estimated, can be accomplished in two ways: (i) experimentally, 
by loading post-mortem species until spinal failure; (ii) to use micromodels, which are 
highly detailed models of a specific segment of the spine (Delleman et al., 1992). 
Secondly, macromodels of the spine can be used to produce estimates of the actual 
compression forces experienced by a worker in almost any work situation (Delleman et 
al. (1992). Macromodels generally consist of two parts: a free-body diagram and a 
distribution model which can vary in complexity from model to model (Delleman et al., 
1992). A free-body diagram illustrates the direction and magnitude of the forces acting 
on the system (body). Delleman et al. (1992) states that a free-body diagram can be used 
to calculate the forces and the moments present at a specific location. A distribution 
model splits the opposing forces and moments into the contributions from the muscles, 
ligaments, and bony structures. One of the simplest models that can be used to calculate 
forces at the lumbar spine from knowing the forces acting on the hands is a uni-axial 
cantilever model (Figure 1). It is the muscle force F that largely determines the 
compression force on the lumbar intervertebral disc. From this model, as the load in the 
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hands (L) increases, the muscle force (F) increases, this in turn, will create a larger 




Figure 1. Uni-axial cantilever model adapted from Delleman et al. (1992). Where L = 
load in hands held at a distance (x), from the fulcrum (R), which is balanced by a muscle 
force (F), acting at a distance (y). The moments have to be equal and opposite, in static 
equilibrium, such that Lx = -F-y. The distance of y is about 0.075 m. 
Granata and Bennett (2005) investigated spinal stability and compression at L5-S1 
during several pushing scenarios at three different heights. Forces experienced in the 
lumbar region were calculated using a simple sagittal-plane inverted-pendulum model of 
the spine. They found that spinal compression forces during pushing were less than those 
seen in lifting similar external loads. However, they state that compression overload in 
the lumbar vertebrae may be less of a factor in comparison to the damage that the shear 
forces may be producing during pushing activities. Compression was estimated by the 
Granata and Bennett by assuming muscle moment arms ranging from 5 to 10 cm and 
taking the mean measured moments, from their data, to be between 36 and 136 Nm 
(moments experienced during pushing). From these values, they estimated that 
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compression values were found to be between 360 N and 2700 N. This finding indicates 
that, as the external force increases, the compression force on the lumbar spine also 
increases. 
2.2.5 Concluding Remarks on Hand Forces 
Hand force acquisition is an important factor when investigating how pushing and 
pulling influence the risk of a musculoskeletal injury (Gaughran and Dempster, 1956; 
Dempster, 1958; de Looze et al., 2000). Hand forces are key inputs to many 
biomechanical models (Delleman et al., 1992) and have been shown to be biomechanical 
risk factors for various musculoskeletal injuries (Silverstein et al., 1986; Spengler et al., 
1986; Moore and Garg, 1995; Koppelaar and Wells, 2005). It has often been shown that 
as the external forces (e.g. hand force) imposed on the worker increase, the compression 
and shear forces experienced in the lumbar spine region also increase (Delleman et al., 
1992; Granata and Bennett, 2005), providing more evidence for the necessity to improve 
hand force collection methods. However, one of the major limitations of current methods 
used to acquire dynamic hand forces in the workplace is the inability to record the hand 
forces inline with the workers performing their tasks (Spielholz et al., 2001; Marshall et 
al, 2004; Koppelaar and Wells, 2005). Previous researchers have used direct 
measurement techniques such as electromyography (Gagnon et al , 1987; Marras et al., 
1999) and force gauges (Hoozemans et al., 2001), which have been shown to provide 
more precise readings, but necessitate mock-ups offline in many cases. Having to 
constantly mock-up jobs creates an undue amount of interference with a worker's normal 
routine (Spielholz et al., 2001; Marshall et al, 2004; Koppelaar and Wells, 2005; Bao and 
Silverstein, 2005), and this added interference has led to an unfortunate trade-off between 
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accuracy and cost (Wells et al , 1997; Hoozemans et al., 2001; Dempsy et al., 2005; 
Koppelaar et al., 2005). 
Self-reporting has been shown to be an effective strategy for the acquisition of 
hand forces (Marshall et al., 2004). This approach also has the ability to be used in 
situations where EMG or other direct measurements may not work. However, it is 
unclear at this point the best way to administer training, what amount of training needs to 
be given to subjects, and how these things may influence a person's ability to report their 
dynamic hand forces. Therefore, the goal of this study was to try and answer these 
questions that currently exist in the literature. 
2.3 Psychophysics 
The relationship between physical stimuli and how an individual perceives a 
sensation is a branch of science termed psychophysics (Snook et al., 1970). 
Psychophysics is based on the idea that an individual has the ability to estimate the level 
of stress placed on them through the integration of their physiological and biomechanical 
sensory receptors (Potvin et al., 2000). A major advantage of the psychophysical 
approach is that it permits a more realistic simulation of many industrial jobs (Snook, 
1985). Psychophysics has been used in the past to: determine acceptable weight limits 
for lifting, lowering, pushing, pulling, carrying (Snook, 1978; Snook and Ciriello, 1991), 
determining the acceptability of assistive devices for transferring patients in a nursing 
home (Zhuang et al., 2001), obtain verbal estimates of self-reported hand forces 
(Marshall et al., 2004), and to set guidelines for repetitive wrist flexion and extension 
exertions (Snook et al., 1995). It is also important to note that training subjects to use a 
psychophysical approach is critical to achieving the best estimations that the subject is 
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able to provide (Deeb, 1999; Potvin et al., 2000; Marshall et al. 2004; and Andrews et al., 
2007). 
Potvin et al. (2000) used a psychophysical approach to establish acceptable limits 
for hand impacts when installing door panels on a car for an 8 hour day. There were two 
parts to this study; both parts required skilled and unskilled subjects to be trained on the 
testing apparatus. Skilled subjects were assumed to require less training in comparison to 
the unskilled subjects. It was found that acceptable force levels, as set by the subjects, 
decreased when the frequency of the hand impacts increased. The hand impact levels 
that were considered acceptable depended on the sex of the subject, with males generally 
selecting higher acceptable values. Overall, there were no significant differences found 
between how skilled and unskilled subjects reported their results following training, 
highlighting the importance of training when using a psychophysical approach. 
Jones (2003) investigated how well subjects could match a force using different 
muscle groups. It was found that people perceive force level differently between 
muscles, confirming much earlier work done by Banister (1979). For example, a 
magnitude of 2 N of force that was experienced at the finger was considered to be 
perceptually equal to 7 N of force in an elbow flexor (Jones, 2003). The findings from 
this study also suggest that forces are perceived more accurately in relative terms, which 
also confirms the findings found in earlier works (Wiktorin et al., 1996; Jackson and 
Dishman, 2000). 
Subjects in a study by Jackson and Dishman (2000) performed several 
submaximal exertions in the chest press position. Three to five repetitions were provided 
to the subject prior to testing in order to familiarize themselves with the testing device. 
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Jackson and Dishman (2000) found that there was a strong relationship between young 
healthy subjects and their ability to produce relative muscular force (Correlation for male 
= 0.76 and female = 0.75). Once again, subjects were able to report force levels in 
relative terms, lending support for the use of self-reporting as a legitimate tool for 
assessing the level of muscle exertion. 
Kim and Fernandez (1993) tried to determine the maximal acceptable frequency 
(MAF) for a simulated sheet metal drilling task at several applied force levels and angles 
of wrist flexion. Subjects performed a drilling task at a frequency they felt would not 
cause them any harm or fatigue over an 8 hour shift. They found that as the force 
application and the angle of wrist flexion increased, the MAF, as selected by the subject, 
decreased. Several physiological responses (heart rate, blood pressure, and muscle EMG) 
and the subjects' rating of perceived exertion increased in response to the increase in task 
demands. These physiological responses supported how the subjects lowered the MAF 
as the force application and the angle of wrist flexion increased. Therefore, Kim and 
Fernandez (1993) argued that if objective biomechanical or physiological criteria are 
absent, then the psychophysical approach is an appropriate tool to use in setting 
acceptable limits for hand and wrist work. 
Dahalan and Fernandez (1993) performed a similar procedure to Kim et al. 
(1993), whereby they focused on trying to determine the MAF for a simulated gripping 
task at four grip force levels and four grip durations. It was found that as the grip force 
level and the grip duration increased, the MAF decreased, comparable to the findings of 
Kim and Fernandez (1993). As well, the physiological responses (heart rate, blood 
pressure, and muscle EMG), and the rating of perceive exertion increased, supporting the 
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MAF findings. Overall, it is evident from Kim and Fernandez (1993) and Dahalan and 
Fernandez (1993) that people have the ability to determine an acceptable frequency that 
they are to work at, which can then be used as a safety guideline for both drilling and 
gripping tasks. 
In a study by Andrews et al. (2007), subjects were trained to perform various 
simulated hose insertion tasks that are commonly seen in the automotive industry. Tasks 
were presented to the subjects at 3 separate frequencies and in 5 different postures. In 
each condition, subjects were supposed to apply the maximal acceptable force that they 
could perform at for an entire shift without fatiguing themselves or creating an undue 
amount of stress. At one insertion per minute, subjects on average selected a peak 
acceptable force that was 63% of their maximum voluntary exertion. The mean 
acceptable forces also decreased when the frequency of the insertions increased to five 
insertions per minute; a trend which has also been shown by others (e.g. Kim and 
Fernandez, 1993; Dahalan and Fernandez, 1993; and Potvin et al., 2000). 
Moore and Wells (2005) used a psychophysical methodology to determine the 
torque levels that are acceptable when using a screwdriver. Both cycle time and duty 
cycle (i.e. % time working) were controlled. They argued that the duty cycle time was 
more important than cycle time in determining the acceptability of the demands that are 
placed onto the worker as a result of their job. They found that the duty cycle time 
significantly affected the torque levels that were selected as acceptable by the participants 
of the study. 
Kothiyal and Yuen (2004) documented how experienced nurses perceived the 
forces placed on their bodies, when transferring a patient with and without the use of a 
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transferring aid. The nurses' muscle activity was monitored with EMG to identify those 
muscles that were most active during the transfer of a patient. They found that responses 
to the ratings of perceived exertion by the nurses increased when using a sling to transfer 
a patient. The electrical activity from the subjects' muscles was also found to increase. 
This study lends support for the use of the psychophysical approach when very detailed 
information such as EMG is not required. 
2.3.1 Training and Psychophysics 
Deeb (1999) considered how fatigue influenced how a person perceived weight, 
as well as how perceptions were influenced by training. Training involved having the 
subject hold the maximum (constant) weight in their left hand and the variable weights in 
their right hand. Subjects were informed that each of the varying weights corresponded 
to a number on the rating of perceived exertion scale. When subjects were not fatigued, 
they could rate their level of exertion to the weight of the object with a good level of 
accuracy (correlation before training = 0.993). When fatigued, subjects generally rated 
their level of exertion lower, by 17% on average. Therefore, it was concluded that 
fatigue seems to have an interacting effect on hand force perception and care should 
therefore be taken to provide sufficient rest during testing to avoid added error. It was 
also shown in this study that training was effective in improving self-reported exertion 
levels after only 2 training sessions. 
Recently, Ryan and Haselgrave (2007) investigated how well workers in a manual 
material handling type job could verbally report information on the task that they were 
performing. Subjects were asked to report on things such as the load being moved, the 
physical aspects of the task, and other thoughts that they may be having not related to the 
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task. They found that when the subjects were asked to concurrently give feedback on 
what they were experiencing during the task, they were able to verbalize task-related 
thoughts such as counting and labelling items only. 
Training has also been shown to improve a subject's ability to perform a selected 
task in several other studies. Marshall et al. (2004) used a psychophysical approach to 
study how well subjects were able to verbally estimate their hand forces as a percentage 
of their maximum in a manual material handling setting. They found that by 
administering three levels of training prior to performing a given task, subjects were able 
to reduce their rate of error in estimating their actual force production. Potvin et al. 
(2000) identified that after exposing 'unskilled' workers to twice as many repetitions 
during training as compared to the 'skilled' workers (2100 reps and 1050 reps, 
respectively) there were no differences in their ability to set acceptable workloads. The 
importance of training when using a psychophysical methodology was also stressed by 
Andrews et al. (2007). Overall, training helps to calibrate people to their force producing 
capacity, which improves their overall ability to report a given force level. 
2.3.2 Limitations of Psychophysical, Biomechanical, and Physiological Methods 
Ayoub and Dempsy (1999) provided an overview of the key limitations of 
psychophysics, based on previously published research. The most important limitation to 
the psychophysical method that has been identified is the assumption that the workload 
that is selected by people to be safe for an 8 hour shift, is below his or her injury 
threshold. Another major limitation associated with this approach is that it is based on 
the subjective responses of people. The psychophysical approach may also violate the 
premise of the physiological approach when the task frequency exceeds 6 lifts/min; 
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therefore, exceeding the level of energy expenditure that is safe for the worker. Ayoub 
and Dempsy (1999) argued that the reason for this discrepancy between the 
psychophysical and physiological approaches to setting work guidelines is because 
workers are often required to set acceptable work levels after only 20-25 minutes. They 
believe that subjects are not able to project the physiological burden that they will 
experience for an 8 hour shift. However, with more extensive training protocols, such as 
those seen in Potvin et al. (2000) and Andrews et al. (2007), this limitation may be less of 
an issue because subjects perform the desired movements for several hours. 
Psychophysical values have also been shown to violate the biomechanical criteria for 
low-frequency tasks (Ayoub and Dempsy, 1999). Biomechanical criteria are often based 
on tissue tolerance limits (i.e. intervertebral disc compression limits) and sometimes joint 
strengths (Ayoub and Dempsy, 1999) that are safe for the worker to be exposed to during 
their work. A key advantage for the psychophysical approach is that it provides a more 
realistic simulation of many industrial jobs (Snook, 1985). 
Along with psychophysics, biomechanical and physiological methods also have 
their own limitations (Ayoub and Dempsy, 1999). Biomechanical models are often used 
to prevent the overloading of the musculoskeletal system (i.e. exceed tissue limits) in 
various situations (Dempsy, 1998). However, Dempsy (1998) identified that the data 
biomechanical models are based on includes maximum intervertebral disc compression 
values which are based on research done on spinal failure in cadavers. Cadaver data may 
not be valid because it is unclear whether the in vitro spine responds to force application 
the same as the in vivo spine does. Other errors in the outputs of biomechanical models 
can be caused by the simplifying assumptions associated with the model, the inability to 
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accurately assess the external forces directly in some situations, and inaccurate kinematic 
data, to name a few (Dempsy, 1998). 
Physiological methods are often used in situations where the primary goal is to try 
and prevent an undue amount of fatigue in the body. However, Dempsy (1998) states 
that one of the main limitations of this approach is that there is a lack of evidence 
demonstrating the relationship between changes in physiological loads and injury rates 
experienced by workers. In trying to set limits for people to work at, it may be difficult 
using the physiological approach because previously published physiological limits are 
task dependent. Few jobs only involve one movement, so some researchers have 
proposed using an additive approach to calculating the physiological burden placed on 
the worker. However, Dempsy (1998) notes that this additive approach has been shown 
to be highly inaccurate (absolute error ranging from 19-44.8%) and not confirmed in the 
literature. 
2.4 Feedback 
Feedback is often used as an all encompassing term that can have a variety of 
meanings. To get a better understanding of the term feedback, the major dimensions of 
the term must be identified. The first dimension of feedback is whether the feedback is 
given before the action begins or if it is given during/after the action has been performed 
(Schmidt and Lee, 1999). Feedback that is given to the subject prior to performing the 
action can include things such as: position of the person's limbs pre-force application, 
visually seeing the size of the object that needs to be moved, or the nature of the 
environment that the event is taking place in (i.e. relaxed vs. stressful setting) (Schmidt 
and Lee, 1999). Feedback that takes place during the movement has several additional 
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dimensions that need to be further discussed. Generally, the way the movement felt, the 
way it sounded, the way it looked, and if the movement was a success or failure are all 
bits of feedback that a subject can receive during or after the action (Schmidt and Lee, 
1999). Feedback that occurs during or after the action can then be further divided into 
two more general categories: inherent feedback and augmented feedback. Inherent 
feedback is the feedback available to the individual through their various sensory 
channels. For example, when a nurse feels the pain in her back after performing a lift 
that was too heavy for her or when that nurses sees the patient fall as the result of not 
being able to lift them, are both cases in which the subject is receiving information about 
their movement from their sensory channels (i.e. pain receptors and vision). Augmented 
feedback is another multidimensional term that encompasses many types of feedback 
which will not be discussed in this study (please refer to Schmidt and Lee, 1999 for 
further information). It is important to note that when feedback is too frequent, the result 
may be that the retention or learning of a skill is impaired (Vander Linden et al., 1993), 
which is an important finding for this study. 
Training individuals in the current study relies on the idea that by providing 
feedback to the subject it will improve their performance. The term feedback has been 
defined earlier for this study, but it is important to explore the terms that make up this 
definition and how they each apply to this study. Visual feedback was given by way of a 
computer monitor that illustrated a desired force application that the subjects were to try 
and match. Auditory feedback was given, to only some of the subjects, by having the 
researcher identify to the subjects the level of force they were exerting during the training 
session which was monitored via a computer. When the subjects reached the desired 
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force level (as set by the investigator) the push or pull movement occurred; this tactile 
feedback was present for all of the subjects in both training and testing phases of this 
study. All of the subjects in this study were given kinematic feedback or feedback on 
how slow or fast their force application was. This was done to control the velocity of the 
force application between subjects. 
2.5 Summary 
In summary, lifting and lowering movements are being replaced with pushing and 
pulling in many workplaces (Schibye et al., 2001). Epidemiological research has shown 
that there is a direct link between performing pushing/pulling tasks and the resulting 
injuries to the lower back and shoulder area. Therefore, pushing and pulling tasks should 
be avoided when either the situation is highly repetitive or exceedingly heavy, in order to 
reduce the amount of risk to the worker. 
Hand force acquisition is an important factor when investigating how pushing and 
pulling influence the risk of a musculoskeletal injury (Gaughran and Dempster, 1956; 
Dempster, 1958; de Looze et al., 2000), because hand forces are key inputs to many 
biomechanical models and have also been shown to be biomechanical risk factors for 
lower back pain and possible injury (Delleman et al., 1992; Koppelaar and Wells, 2005; 
Moore and Garg, 1995; Silverstein et al, 1986; Spengler et al , 1986). One of the major 
limitations of current methods used to acquire dynamic hand forces in the workplace is 
the inability to record the hand forces in-line with the workers performing their tasks 
(Koppelaar and Wells, 2005; Spielholz et al , 2001; Marshall et al., 2004). Self-reporting 
is a psychophysical technique that allows the measurements to be made as the work is 
performed, thereby enabling a more realistic simulation of a job (Snook, 1985). 
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Psychophysical techniques have been utilized in setting acceptable work 
frequencies (Kim and Fernandez, 1993; Dahalan and Fernandez, 1993), forces (Potvin et 
al, 2000; Andrews et al., 2007), identifying how fatigue influences weight perception 
(Deeb, 1999), and to accurately estimate dynamic hand forces from verbal estimations 
(Marshall et al , 2004). Training, in the form of performance feedback, has been 
identified as a critical factor when implementing a psychophysical methodology because 
it improves the subject's reporting ability (Deeb, 1999; Potvin et al., 2000; Marshall et 




A total of 40 subjects (20 male and 20 female, 4 groups - 10 subjects per group), 
with a mean (SD) age of 23 (1.99) years, were recruited from the student population at 
the University of Windsor and in the surrounding community. To be included in this 
study, subjects had to be free of injury and pain to the upper extremities, shoulders or 
back at the time of data collection. This was explained to the subject in the consent form 
and by the researcher just prior to performing the study. If subjects indicated that they 
were experiencing any pain, or had a previous injury that was still causing them pain, 
they were excluded from the study. Subjects were asked to sign a consent form prior to 
their participation. The procedures were approved by the University of Windsor's 
Research Ethics Board. 
Participants were randomly assigned to one of the four groups (see detailed 
description below), with each group differing in the amount of training received prior to 
the testing phase. For each of the groups, factors such as age and sex were balanced. 
The presentation order of the tasks was randomized to prevent any learning effects. 
All of the subjects that took part in this study were novices in that they had never 
been exposed to an apparatus or methodology similar to the one reported here. 
Therefore, the level of experience with this type of research, for all of the subjects, was 
low. It was important to this study that novice subjects were used because establishing 
the effect of training (i.e. amount of feedback provided) was one of the main focuses. It 
has been shown in previous literature that novices are especially sensitive to training 
compared to experts (Potvin et al., 2001). 
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3.2 Equipment and Data Collection 
Push and pull forces were applied to a handle which was mounted to an assembly 
consisting of a force gauge (MLP-500-CO, Transducer Techniques, Temecula, CA) in-
line with a pneumatic cylinder (6.35 cm (2 lA inches) in diameter with a 10.16 cm (4 
inch) stroke - 20060823-27, Chelic Pneumatic Equipments, Taiwan) (Figure 2). Pressure 
within the air cylinder was regulated by a solenoid (Figure 2) which controlled the flow 
of air between sides of the cylinder. When open, air flowed freely between the sides, 
allowing the handle to be pulled out or pushed in. When closed, the handle assembly was 
able to be pushed or pulled without moving. This assembly was attached to a vertically 
adjustable sliding frame (Figure 3) to account for individual differences in height 
between subjects. Resistance provided by the cylinder was controlled by the 
experimenter via a computer. By having the force gauge in-line with the handle, exertion 
levels were known and controllable by the experimenter. 
Figure 2. Apparatus that was used to test Figure 3. Close up view of the attachment 
dynamic hand force estimation. between the apparatus and the vertical sliding 
frame. 
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During training, visual feedback was presented to the subject via computer as they 
executed the tasks (Figure 4). The exposure time was controlled by instructing subjects 
to follow, in real time, prescribed force traces on the computer screen. Figure 4 
illustrates the force tracing template that was shown to subjects during training (red line), 
whereas a black line was used to monitor the forces being exerted by the subject. A 
custom software program created in LabView (Version 8.2, National Instruments, Austin, 
TX, USA) allowed the experimenter to control the visual feedback to the subject, the 
resistance levels, and the magnitude and exposure time of the force tracings during 
training. 
During testing, subjects ramped up their push or pull forces until the desired Force 
Levels were achieved, as set by the experimenter and as sensed by the force gauge. The 
computer system triggered the solenoid to open and allow for the movement to occur. 
Signals from the force gauge were amplified with a maximum output of 2224 N or 10 
VDC (S7DC, R.D.P Electronics, Wolverhampton, UK). Once this signal was amplified it 
was A/D converted using a 12 bit card (NI-DAQ version 6.9.3f3, National Instruments, 
Austin, TX, USA) and then recorded onto a personal computer at a sampling rate of 100 
Hz. Once at the computer, the peak force exerted by the subject and the set force level 
(actual force level), were both saved to a text file created by the custom program in 
LabView. The data was then able to be opened and analyzed with Microsoft Excel. 
37 
Red line Black line 
Figure 4. Force tracing screen that was shown to subjects in the training phase. The red 
line is the force tracing template, whereas, the black line represents the actual 
movements performed by the subject. 
3.3 Experimental Procedures 
3.3.1 Push and Pull Tasks 
Every subject performed twelve tasks that consisted of two handed symmetrical 
and asymmetrical pushes and pulls at three different heights. Figure 5 illustrates the six 
positions that were used for both the pushing and pulling activities. 
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Figure 5. Illustration of the 6 main positions in which the tasks were performed. Notice 
that there were three heights and symmetrical and asymmetrical exertions tested. 
The position of the subject relative to the handle was normalized based on the 
subject's arm length. Subjects were asked to stand with their arms fully extended so that 
their fingers were just touching the vertical sliding frame (Figure 6). The location of the 
subjects' feet in this position was marked on the floor using tape. Floor markings were 
placed so that the subjects performed all of the asymmetrical tasks at a 45 degree angle to 
the right side of the apparatus, such that the subjects were twisted to the left during the 
asymmetrical portion of the study. It was assumed that pushing or pulling to the left or 
the right was the same and that there was no difference in the actual reporting of the 
subject's peak dynamic hand forces while twisted to the right or left. Tape marks were 
39 
also placed onto the handle bar to standardize the hand position for all subjects. Prior to 
performing the tasks, subjects were informed that they were allowed to perform the tasks 
in a way that was most natural to them within the study's set parameters (i.e. not going 
over set horizontal distance and keeping hands within tape marks). 
Figure 6. Horizontal distance from the vertical sliding frame and the location of the subject's feet 
to normalize all exertions between subjects. 
The height locations that the handle was set at were based on three physical 
landmarks on the subject: (1) low height - the handle was at knee level; (2) medium 
height - the handle was at waist level; (3) high height - the handle was placed at forehead 
level. Descriptions of each of the tasks are provided here, and pictures of the task 
positions are illustrated in Figure 5: 
Task 1 - Symmetrically, subjects pushed the handle bar at the low height. 
Task 2 - Symmetrically, subjects pushed the handle bar at the medium height. 
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Task 3 - Symmetrically, subjects pushed the handle bar at the high height. 
Task 4 - Asymmetrically, subjects pushed the handle bar at the low height. 
Task 5 - Asymmetrically, subjects pushed the handle bar at the medium height. 
Task 6 - Asymmetrically, subjects pushed the handle bar at the high height. 
Tasks 7 - 1 2 required the subjects to pull the handle in all the above positions. 
Symmetrical and asymmetrical tasks were chosen in this study to allow for a 
larger envelope of responses to be included in the regression analysis, and not to be used 
as a factor in the ANOVA (see section 3.5 below). This helped to make the equations 
more generalizable than if they were generated for each type of task alone. 
Two-handed tasks were selected over one-handed tasks on the basis that the 
method being used in this study will be implemented to research peak hand forces in 
occupations such as nursing, which have high rates of low back pain (Marras et al., 
1999). In nursing, duties such as patient transfers (e.g. moving the patient from their 
wheelchair to the toilet), and readjusting the patient in bed, are common and typically 
require the use of both of the nurse's hands. In addition, Marshall et al. (2004) only 
looked at one-handed tasks, so there was a need for assessing two-handed pushes and 
pulls in the literature. 
3.3.2 Maximum Voluntary Contraction (MVC) 
Prior to administering the prescribed training, for each specific task, three 
maximum voluntary contractions (MVCs) were taken to allow the experimenter to adjust 
all other Force Levels for training and testing to that specific subject. For each MVC, 
subjects were instructed to ramp up their effort; to their maximum over a 1 or 2 second 
period, hold for 2 or 3 seconds, and then ramp down to be at rest. In this way, jerky force 
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applications, which can lead to spikes in the applied forces, were avoided. The peak 
force value from the three contractions was selected as their MVC and used to scale the 
remaining training and testing Force Levels for each individual. 
3.3.3 Training and Testing Protocols 
Four groups of subjects participated in this study. Groups 1, 2, and 3 were 
exposed to a different amount of feedback training for their hand forces prior to the 
testing phase of the experiment. Group 4 performed the training for three tasks (tasks 1, 
6 and 8) followed by the testing for all 12 tasks (see Figure 7 for timeline). 
The Force Levels that the subjects received as feedback during training were all 
provided as a percentage of their MVC. The amount of training that each group received 
was as follows: 
Group 1 subjects (control) - were required to exert at 100% of their MVC with no 
feedback given to them. 
Group 2 subjects - feedback was provided at 100% MVC. 
Group 3 subjects - feedback was provided at 50% and 100% MVC. 
Group 4 subjects - feedback was provided at 50% and 100% MVC for the three selected 
tasks (1,6, 8). 
During the training efforts, visual feedback was presented to the subject on a 
computer monitor as they executed their push or pull at each level of MVC for each 
task/posture combination. The exposure time was controlled by instructing subjects to 
follow, in real time, prescribed force traces on the computer screen (Figure 4). 
The procedure for Group 4 was designed to see if a shorter and less involved 
approach would yield any different results compared to the other groups. A simpler, less 
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time consuming approach would fee more Usable in a Workplace" a§§g§§ffie*fit ESfih 
subject was asked to complete the prescribed training prior to executing their test 
exertions (Figure 7), which is fairly representative of what might be experienced during a 
data collection in the field. Tasks 1, 6, and 8 were chosen because these tasks included 
all of the major characteristics of the movements (different symmetries, heights, and 
exertion types), but on a much smaller scale, compared to what the other groups were 
required to perform. It is important to note here that the tasks were not presented in 
randomized format in Figure 7. In reality, the researcher randomized the task 
presentation during testing to try and prevent any learning effects. 
After the predetermined training was administered, subjects were tested on the 
same tasks they were trained on. Subjects performed each task by pushing or pulling on 
the handle while ramping up their effort (without force feedback), until movement was 
initiated (so subjects did not have direct visual feedback of their Force Level when 
movement occurred). Subjects were asked to verbally indicate the % MVC they thought 
they were exerting at the point of movement initiation. Three repetitions of each 
task/posture combination were randomly performed. One repetition was performed 
against low (10-30% MVC), medium (40-60% MVC), and high (70-90% MVC) 
resistance levels, which was set by the investigator via the computer software. The 
computer program allowed resitance levels to be set as finely as 1% MVC. All subjects 
were instructed that the computer program was only able to select between 10-90% of 
their MVC at the beginning to the testing phase. However, if subjects chose to respond 
with an estimation below or above 10% and 90%, respectively, the values were recorded. 
If, during testing, the subject performed the movement too fast (identified as a major 
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spike on the force output), or if they wanted to redo a trial because they either lost grip or 
did not feel comfortable performing that particular trial, the subject was allowed. 
The term error, for the sake of this study, was defned as the absolute difference 
between the subjects' self-reported force estimate as a percentage of their MVC, and the 
actual Force Level which was selected by the investigator, also as a percentage of their 
MVC (i.e. |self-reported force (% MVC) - actual force (% MVC)| = % error). 
3.3.4 Timeline 
A brief description of the timeline requirements for each group of subjects is 
provided here. Figure 7 describes the proposed timelines in graphical format as well. 
Group 1 = [12 tasks x 4 reps x 1 level of training] + [12 tasks x 1 rep x 3 levels of force 
for testing] 
= 84 total repetitions (Figure 7) 
Each repetition lasted up to 30 seconds (exertion plus rest). The total time commitment 
for participants in this group was around 1 hour. 
Group 2 = [12 tasks x 4 reps x 1 level of training] + [12 tasks x 1 rep x 3 levels of force 
for testing] 
- 84 repetitions (Figure 7) 
Therefore, the total time commitment for the participants in this group was around 1 
hour. 
Group 3 = [12 tasks x 2 reps x 2 levels of training] + [12 tasks x 1 rep x 3 levels of force 
for testing] 
= 84 repetitions (Figure 7) 
Overall, the total time commitment for the participants in this group was around 1 hour. 
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Group 4 = [3 tasks x 2 reps x 2 levels of training] + [12 tasks x 1 rep x 3 levels offeree 
for testing] 
= 48 repetitions (Figure 7) 
















































































































































































































































































































































































































































































































































































































































































































3.4 Experimental Design 
The independent variables in this study were: Training Groups (Group 1 to 4), 
Sex (male or female), Force Levels (low, medium or high), and Exertion Types (push or 
pull) (Figure 8). There was one dependent variable that was investigated: peak dynamic 
self-reported hand force. The absolute differences between the actual forces, set by the 
researcher, and the subjects' self-reported responses to those forces, were determined and 
analyzed statistically. 
A 4 x 3 x 2 x 2 (Training Groups x Force Levels x Exertion Types x Sex) mixed 
design was applied, with Training Groups and Sex as the between subject factors and 
Force Level and Exertion Type as the within subject factors (Figure 8). As described 
previously, there were 4 Training Groups that experienced different levels of feedback 
training (Figure 7). Within each training group there were an equal number of males and 
females (5 males and 5 females). This was done to identify if the amount of feedback 
training influenced how well subjects could self-report their peak dynamic hand forces, 
as well as to identify if the Sex of the subject had any influence. Three Force Levels, low 
(10-30% MVC), medium (40-60% MVC), and high (70-90% MVC) were also studied. 
Subjects had to perform one repetition at each of these Force Levels for all twelve tasks 
during the testing phase of this study. Levels were based on the earlier work of Marshall 
et al. (2004). The two Exertion Types, pushes and pulls, were the focus of this research 
study. Research indicates that there is a link between these movements and 
musculoskeletal injury to the back and shoulders (Hoozemans et al., 1998). All of the 
data for each subject were collected in one testing session that ranged from 30 minutes to 




Figure 8. Study design cube schematic illustrating the independent variables in this 
study. 
3.5 Statistics 
Two main analyses were performed to address the purposes of the study. 
Analysis 7 - A 4 x 3 x 2 x 2 mixed Analysis Of Variance (ANOVA) was performed. The 
repeated measures were Force Levels, and Exertion Types and the between subject 
factors were Training Groups and Sex. An alpha level of 0.05 was used for all 
comparisons. For each significant interaction, an omega squared estimate of variance 
(co ) was calculated to identify the total amount of variance that was accounted for by 
each experimental treatment. In order to be included in any further analyses and 
discussion, significant interactions had to account for at least 1% of the total variance 
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(Keppel, 1982). Tukey's HSD post hoc test was completed on significant main effects 
and interactions. 
With regards to the assumptions for ANOVA (i.e. normality and homogeneity of 
variance), precautions were taken with the data to ensure these assumptions would not be 
violated. Normality of the data was ensured by initially screening the data for outliers. 
Subject mean responses were converted to z-scores and eliminated if they were greater 
than 2.5 (Kirk, 1995). The data for one subject was eliminated (z-score = 3.5), but 
another subject was tested to complete the data set. Homogeneity of variance was tested 
for in SPSS using the Levene's test of homogeneity. The result of this test was that the 
male sample violated this assumption, whereas the females did not (refer to the Appendix 
Al for test results). Tabachnick and Fidell (2001) indicate that if the group's sizes within 
the sample are equal (which they were in this study), then ANOVA is robust to this 
assumption and it does not greatly affect the results. 
Analysis 2 - Scatter plots of actual peak hand forces vs. self-reported hand forces were 
created as a function of the independent variables. Simple regression analyses, one for 
pushing and one for pulling for each Sex, were then performed to enable the prediction of 
actual hand forces from peak self-reported hand forces. It is important to note here that 
tasks involving a range of different heights and different postures were chosen in this 
study in order to generate an envelope of peak hand forces across a range of conditions. 
This was intended to provide a scatter of hand forces to support the regression analyses as 
described. 
There were several steps that were taken prior to regression analysis in order to 
'treat' the raw data scores. The steps were as follows: 
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1. The data were initially screened for outliers as described above. 
2. Manually, each combination of the independent variables (i.e. Exertion Types, 
Training Groups, Sex), and the subject's peak dynamic hand force estimate were 
run to identify the best possible combination of variables that could produce the 
largest adjusted R2 and smallest SEE (standard error of the estimate) values. 
3. Data were input into SPSS via the "enter" method with the constant kept in the 
equation in all scenarios. 
4. Four equations provided the best results based on the criteria explained in step 
three. 
5. Exploratory curve estimations were then performed in SPSS to identify the 
relationships that produced the largest adjusted R2 for the four equations (all 
curves were initially selected with the three best fitting lines (linear, quadratic, 
and cubic curves) being reported). 
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4.0 Results 
4.1 Analysis 1: 
There were main effects for Sex [F (1, 32) = 4.87,p < 0.05], Exertion Types [F 
(1, 32) = 9.48, p < 0.05], and Force Levels [F(2, 64) = 72.06,/? < 0.05] (See Table A2 for 
full ANOVA output). There was only one significant interaction: Force Levels by 
Exertion Types [F (2, 64) = 9.07,p < 0.05 (a)2 = 3.25%)] (Table A2). There were no 
significant differences between the four Training Groups. Interestingly, Group 4 
participants were given the least amount of training with visual feedback, yet they 
performed as well as the other three groups (Figure 9). 
Figure 9. Mean (SD) absolute errors between the actual and self-reported peak dynamic 
hand forces for each of the Training Groups. 
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4.1.1 Main effect-Sex 
The mean absolute error for males was significantly smaller than that of the 
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Figure 10. Mean (SD) absolute errors between the actual and self-reported peak dynamic 
hand forces between each sex. The asterisk indicates a significant difference between the 
Sexes (p < 0.05). 
4.1.2 Interaction effect- Force Levels x Exertion Types 
Force Levels by Exertion Types was the only significant two-way interaction 
(Figure 11). A similar trend was seen for the push and pull exertions across the high and 
medium Force Levels, with pushes having smaller errors on average compared to pulls. 
At the low Force Level, this trend was reversed. Both pushes and pulls had the most 
error at the medium Force Level and the least amount of error at the low Force Level, on 
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Figure 11. Mean (SD) absolute errors between the actual and self-reported peak dynamic 
hand forces between the Force Levels and Exertion Types. Asterisks above the pull line 
indicate significant differences (p < 0.05) between the Force Levels for both pushes and 
pulls. An asterisk to the left of both lines indicates significant differences (p < 0.05) 
between the Exertion Types. 
4.1.3 Estimation Bias 
Subjects, on average, underestimated their self-reported hand forces almost 3 
times more than they overestimated, across all tasks (Table 1). Subjects in Group 4 had 
the most number of correct responses 5.3% (19), whereas subjects in Group 3 had the 
fewest correct responses 1.4% (5). 
Table 1. The total number (#) and percent (%) of overestimation errors, 
underestimations errors, and responses with no errors, made by subjects in each group. 
For each group, there were a total of 360 responses made (10 subjects x 36 responses). % 
errors (overestimations and underestimations) were calculated as self-reported force (% 






























4.1.4 Maximum Voluntary Contraction Forces 
Subjects, on average, both males and females produced more force during their 
maximum pushing exertions than their pulling exertions, except at the low height (Table 
2). 
Table 2. Mean (SD) maximum voluntary forces (N) exerted by males (n=20) and 
females (rrfO) for pushes and pulls, at the different heights (low, medium, and high). 
High Height Medium Height Low Height 















4.2 Regression Analysis 
Exploratory simple regression analyses were conducted in this study to determine 
the strength of the relationship between self-reported peak dynamic hand forces and the 
actual forces exerted at the point of movement initiation. Data were combined in 
numerous ways to determine the predictive equations that produced the best adjusted R 
& lowest SEEs. 
It was found that four models (1. male push; 2. female push; 3. male pull; 4. 
female pull) provided the best adjusted R2 & SEE values. Table 3 and Figures 12-15 
show the strength of the relationships and the resulting scatter plots for all four models, 
respectively. Scatter plots were fit with quadratic, cubic, and linear regressions were 
performed (Table 3), with all resultant regression equations being highly significant (p < 
0.001). All four models (2 pushes, 2 pulls) were best fit with quadratic and cubic curves 
based on their adjusted R & SEEs. The linear curves generally fit the data least well, 
compared to the quadratic and cubic equivalents. Of the four models, male-push 
provided the best adjusted R & SEE values (0.75 and 12% MVC, respectively), whereas 
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the female-pull relationship resulted in the weakest association of the four models 
(adjusted R2 0.61-0.64 & SEE 15-16% MVC) (Table 2). 
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Figure 12. Scatter plot (Male-Push) of the actual peak dynamic hand forces (% MVC) set 
by the researcher versus the subjects' self-reported peak dynamic hand forces (% MVC). 
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Figure 13. Scatter plot (Female-Push) of the actual peak dynamic hand forces (% MVC) 
set by the researcher versus the subjects' self-reported peak dynamic hand forces (% 
MVC). 
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Figure 14. Scatter plot (Male-Pull) of the actual peak dynamic hand forces (% MVC) set 
by the researcher versus the subjects' self-reported peak dynamic hand forces (% MVC). 
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Figure 15. Scatter plot (Female-Pull) of the actual peak dynamic hand forces (% MVC) 
































































































































































































































































































































































































































































































































































































































































































Subjects' self-reported hand force estimates were investigated to determine how 
they compared in magnitude relative to actual forces. Four Training Groups received 
different amounts of feedback regarding the Force Levels they were exerting. Despite the 
differences in feedback provided, the four Training Groups reported their hand forces 
similarly. Males were better at reporting their hand forces than females, on average. 
Overall, subjects were better at reporting their peak dynamic hand forces for the pushing 
tasks than the pulling tasks, and at low Force Levels. Reported forces at the medium 
Force Level showed the highest amount of error across all subjects. Subjects also tended 
to underestimate their level of exertion for both pushes and pulls across all Force Levels. 
Four separate regression equations were produced to predict peak dynamic hand forces 
for push and pull exertions for men and women. Adjusted R2 values for the equations 
were fairly high (0.61 to 0.75), indicating that there was a strong relationship between 
actual and self-reported hand forces for the tasks tested (Thomas and Nelson, 2001). 
5.2 Training 
It is critical to the success and implementation of a self-reporting method such as 
the one proposed in this study, to determine the effects of feedback training. The amount 
of feedback training was shown not to significantly influence the subject's ability to 
accurately assess their peak dynamic hand force. The fact that the group that received the 
least training had the fewest number of errors in reported hand forces indicates that a less 
involved approach could likely be as effective as approaches involving more training. 
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Several research questions were investigated to provide insight into how the 
different amounts of training influenced subjects' abilities to report their peak dynamic 
hand forces. Group 1 and Group 2 were compared to see whether the presence of visual 
feedback, in addition to a verbal indication that the subject was about to exert their MVC, 
would improve the results. It was found that there were no statistically significant 
differences in the mean absolute errors between these two groups. Comparing the results 
from Group 2 and Group 3, it was found that adding another level of training (50% and 
100% MVC in Group 3, and just 100% MVC in Group 2) had no effect on the ability of 
the subjects to verbally identify the force they were exerting. 
Group 4 was included to determine if a less involved training protocol would be 
able to yield similar results compared to the groups with more time consuming training 
protocols (i.e. Group 3). This was done to evaluate a technique that would not only be 
able to easily and accurately identify dynamic hand forces, but also be less time 
consuming than other current methods used by ergonomists and researchers, in situations 
where highly technical instrumentation may not be feasible (e.g. hospital room). 
Previous research has indicated the importance of implementing a training 
protocol prior to using a psychophysical technique (Deeb, 1999; Potvin et al., 2000; 
Marshall et al., 2004; Andrews et al., 2007; Ryan and Haslegrave, 2007). Marshall et al. 
(2004) found that the error in the subjects' verbal estimation of their peak exertion 
intensity significantly decreased from 14%, to 4%, to 3% between the control group and 
the 3 training groups, respectively. However, unlike the findings of Marshall et al. 
(2004), there was no statistically significant decrease in the error rate as the amount of 
training was increased in this study. One possible explanation for this difference between 
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Marshall et al. (2004) and this study was number of repetitions subjects were exposed to 
in training. For example, the three benchmark group in Marshall et al. (2004) was 
exposed to three repetitions of 25% MVC and 75% MVC for all twelve tasks (# of reps = 
72) during training. In comparison, subjects in this study performed 12 to 48 repetitions 
(Group 4 and Groups 1-3, respectively) during training. It is unclear at this time whether 
it is the amount of training a subject receives prior to self-reporting their hand force or the 
task complexity the subject is performing that is causing this discrepancy between this 
study and Marshall et al. (2004). However, it is important to note that by implementing a 
training protocol such as the one seen in this study, the practicality of this method is 
increased because by reducing the amount of training required it will be more useful in 
situations where hand forces need to be quickly assessed. 
In support of the current study, McGorry et al. (2004) also found that training did 
not have an overall impact on the ability of their subjects to provide more accurate grip 
estimates. Subjects were trained by exposing them to selected grip forces on a computer 
screen in periods of 4 seconds. Following this, feedback was removed. Subjects were 
then asked to try and reproduce the force they applied during training on a dynamometer. 
Although McGorry et al. (2004) did not employ the same methods as this study (e.g. grip 
force estimate versus hand force estimate), both studies had subjects estimate the force 
level they thought they were exerting, and found that training did not improve their 
responses. 
One possible explanation for the discrepancy in the literature regarding the effects 
of training may be the result of having different training protocols. For example, Potvin 
et al. (2000) looked at the ability of a subject to set a maximal workload for a single task 
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(hose insertions) so as to avoid injury, during an eight hour shift. They found that 
training improved the subjects' ability set acceptable workloads. In this study, subjects 
were trained once just prior to testing and it was found that training did not influence the 
subjects' ability to self-report their hand forces. Aside from methodological differences 
between these two papers, training protocols in each of the papers were very different 
from one another. Potvin et al. (2000), trained subjects in two four-hour sessions, on 
separate days, resulting in around 1000-2000 repetitions experienced by the subject 
during training; whereas, subjects in this study were exposed to training just prior to the 
testing and only performed 12-48 repetitions (depending on Training Group) during 
training. The major differences in the training protocols seen in these papers may be the 
reason why there are differences in the results seen for training. Therefore, more work 
should be done to investigate the role that training plays in using a self-reporting 
methodology such as the one used in this study. 
The mean errors in the current study were considerably higher in magnitude than 
those reported by Marshall et al. (2004). This may be due to the fact that the groups were 
not trained exactly the same between the studies. Marshall et al. (2004) trained subjects 
at low (25%), medium (75%), and high (100%) levels of their MVC (depending on 
Training Group), whereas only medium (50%) and high (100%) levels of MVC were 
used in this study (depending on Training Group). This difference may provide evidence 
for the fact that altering the levels of feedback given to the subject, during training, can 
modify their ability to self-report hand forces. Since subjects had the most difficulty in 
estimating their exerted forces at the medium Force Level (40-60% MVC), maybe by 
increasing the number of repetitions or exposures at this level it will improve their self-
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reporting. Another possible explanation for the differences between the studies could be 
that Marshall et al. (2004) used tasks that were predominantly hand-intensive in nature, 
rather than the more full body movements used in this study. This strengthens the notion 
that perceived force estimation may be dependent on the size of the muscles being used 
to move the limbs involved in the movement (Banister, 1979; Deeb, 1999). 
5.3 Sex 
This study identified that there were significant differences in the ability of male 
and female subjects to self-report their level of force application in dynamic push and 
pull tasks, even when all of the Force Levels were normalized to the individual (i.e. all 
forces were based on % of MVC for each subject). Males were better at reporting their 
peak dynamic hand forces, on average. Unfortunately, a direct comparison to Marshall et 
al. (2004), who utilized a very similar approach, was not possible because they did not 
report any sex differences. However, sex differences in perceived exertion during weight 
holding were reported by Deeb (1999). In this study, both male and female subjects held 
a constant weight of 500 g in their left arm and several weights varying in size in the right 
arm. All of the subjects were instructed that the 500 g load in the left arm corresponded 
to a rating of 10 (i.e. almost maximum exertion) on the perceived exertion (RPE) scale. 
It is important to note that this 500 g load for some of the subjects may have been well 
below their maximum and for others it may have been close to their maximum. The 
subject's task was to try and compare the variable weight in the right arm and indicate 
their RPE. Deeb (1999) concluded that there were sex differences present, but that they 
might be due to females having a lower maximal aerobic power, lower muscle mass, 
higher metabolic rate, or that the force scale used to report was expressed in absolute 
65 
terms. This methodology neglects the fact that not all people are the same strength and 
are not able to produce the same amount of force. 
In summary, it appears that scaling perceived force in absolute terms can lead to 
differences in how males and females will estimate their level of exertion, because 
strength differs between the sexes. However, it is unclear at this time if differences in the 
self-reporting offerees, when scaled relative to the either the male or female subject, is 
dependent on the way in which the exertion is to be reported (i.e. Borg CR-10 scale or a 
0-100% MVC scale). For example, Pincivero et al. (2003) had subjects rate their level of 
exertion on the Borg CR-10 scale and found no gender differences; whereas, this study 
found that there were gender differences present when subjects were required to self-
report their force using a 0-100% MVC scale. Hopefully, as the result of these papers, 
more research will be done using both of these techniques to identify if there is any 
relationship between gender and force estimation. 
5.4 Exertion Type and Force levels 
Overall, subjects were better at reporting their peak dynamic hand forces for the 
pushing tasks, compared to the pulling tasks, and at the low Force Level. Reported forces 
at the medium Force Level showed the highest amount of error across all subjects, for 
both pushes and pulls. 
Wiktorin et al. (1996) investigated how well subjects could push and pull at 
several predetermined Force Levels on a specifically designed instrumented handle. 
They found that there were no differences between how the subjects self-reported the 
force for both pushes and pulls. Similarly, Marshall et al. (2004) found that subjects 
produced slightly less error in their one-handed pull task compared to the one-handed 
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push task, but the relationship was not statistically significant. The current study found 
that subjects were significantly better at verbally reporting the force they were exerting 
during pushing tasks compared to the pulling tasks, although the mean difference 
between the two was small (~ 2% MVC). One possible explanation for the difference 
between the findings from Wiktorin et al. (1996), Marshall et al. (2004) and the current 
study may be the result of the complexity of the tasks studied. The difference that was 
identified in the current study between pushes and pulls was small. However, this may be 
an indication that if the complexity of the tasks were further increased (i.e. from one-
handed tasks to full body movements), then there might be even greater differences 
between the mean error rates for each Exertion Types. 
Several subjects in this study noted that the pulling tasks were "more awkward" 
feeling compared to the pushing tasks. More specifically, having to pull at the high and 
low heights was the most awkward for these subjects. For example, when the apparatus 
handle was locked (subject was ramping up their force), subjects were unable to establish 
and maintain a comfortable posture throughout the movement. This uncomfortable 
feeling may have led to a distorted perception of the force that the subjects were exerting 
during pulling tasks, and therefore resulting in greater errors, on average. It is important 
to note that workers are often put into awkward postures providing evidence for the fact 
that more work should be done to determine if uncomfortable postures impair the 
subjects' ability to self-report their Force Level. In addition, more work should be done 
in order to investigate if the differences found between pushing and pulling were due to 
actual differences between the two movements or if it was the result of having 
'uncomfortable' feeling tasks. 
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Errors were larger in magnitude at the medium Force Level (18.9% MVC) 
compared to both the low (8.9% MVC) and high (15.6% MVC) Force Levels for both 
pushes and pulls. This was similar to the findings of Cooper et al. (1979) and for the 
control group in Marshall et al. (2004). However, once training was taken into account 
by Marshall et al. (2004), they found that there were no significant differences between 
the subjects' estimates at the low and medium force levels for the two groups that 
received training. Unlike Marshall et al. (2004), the current study found that subjects, 
across all Training Groups, were poorest at self-reporting their hand forces at the medium 
force level. This discrepancy between the studies may be the result of the tasks that were 
used in Marshall et al. (2004) and this study. Marshall et al. (2004) chose to use very 
basic tasks that were predominantly hand-intensive in nature, whereas, in this study 
subjects had to perform full-body movements. As the subject's exposure to the device, 
used in Marshall et al. (2004), increased there were no differences in how they self-
reported their hand force. While, in this study, as the training on the device increased 
there were no differences seen in how subjects self-reported their hand force. From this, 
it could be concluded that in simple situations (i.e. only move hand) subjects only need to 
be calibrated to their maximum in order to allow similar self-reporting forces across all 
force levels. On the other hand, in slightly more complex situations, more work should 
be done to investigate the best training protocol that should be used so as to provide the 
worker with the ability to accurately self-report their force level across all force levels. 
Marshall et al. (2004) suggested that at their medium force level, there was a 
greater opportunity for error compared to the low and high force levels, because 
subjects' abilities are constrained at the extremes (0% and 100% MVC). In comparison, 
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McGorry et al. (2004) found that subjects had the most errors in force estimation at the 
lower force levels. They argued that our bodies are not equipped with the sensory 
feedback mechanisms that are able to provide adequate resolution for more accurate 
estimates at low grip force levels. The different methods used in these studies may 
explain this discrepancy. The current study and Marshall et al. (2004), had subjects exert 
a force with a magnitude unknown to them, and then had them estimate the level of 
exertion they were experiencing as a percentage of their maximum. McGorry et al. 
(2004) had subjects perform several cutting movements and then try and recreate this 
force on a dynamometer after every fourth trial. Also, McGorry et al. (2004) had subjects 
perform gripping activities based on a previous exertion and not hand movements, such 
as those seen in Marshall et al. (2004), or full body exertions, such as those described 
herein.. Overall, it is clear when using a self-reporting methodology similar to the ones 
described in Marshall et al. (2004) and in this study, force estimation is dependent on the 
magnitude of the test force. More work should be done to determine if implementing 
more training at medium force levels improves people's abilities to self-report their force 
application across a variety of conditions. As well, future studies done in this area should 
attempt to determine at what point a person's performance begins to decline, as a 
function of the magnitude of the force that they are exerting. 
5.5 Estimation Bias 
It was found in this study that, on average, subjects in all groups underestimated 
the force that they were actually applying. Subjects were found to be better at reporting 
their peak dynamic hand forces for the pushing tasks compared to the pulling tasks, and 
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at the low force level. Reported forces at the medium force level showed the largest 
underestimations across all subjects for both exertions. 
However, the literature that currently exists on estimation bias during comparable 
tasks has produced mixed results. Marshall et al. (2004) found that subjects tended to 
overestimate their force production across all force levels in predominantly hand-
intensive tasks. Cooper et al. (1979) had subjects estimate (% MVC) the effort required 
to match a selected force. They found that subjects overestimated their force by 6-16%, 
on average. In agreement with our findings, Pincivero et al. (2003) identified that, during 
dynamic resistance type exercises, subjects tended to underestimate their perceived 
exertion. Wiktorin et al. (1996) also found that subjects consistently underestimated the 
weight of the box that they lifted. Because all of the tasks differed between these studies, 
a consistent message regarding force estimation bias is not possible at this time. 
5.6 Regression Equations 
Scatter plots of actual peak hand forces vs. self-reported hand forces were created 
as a function of the independent variables. All combinations of the independent variables 
(i.e. Training Groups, Exertion types, Sex), and the subjects' self-reported hand force 
estimates were evaluated via exploratory regression analysis to determine how many 
separate equations should be used to predict actual hand forces. Since the amount of 
explained variance and the SEEs for all of the equations were quite similar (see Table 3), 
the usability and ease of use of the equations needed to be considered when deciding how 
many equations should be presented. It was decided that separate equations for Sex 
(male and female), and for Exertion Types (push and pull) provided the best practical 
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options, in terms of usability in the workplace. The Sex and the Exertion Type (push or 
pull) are usually quite easy to determine visually while a worker is performing a task. 
Next, it was found that quadratic, cubic, and linear curves best described the 
relationship between the subjects' perceived force level and their actual exertion for all 
four models (Figures 14 - 17). These curves best fit the data, with the largest adjusted R 
values and the lowest standard error estimates (SEE) represented. Compared to the 
literature, this study has produced regression equations with similar predictive abilities 
(Adj. R2 = 0.61 - 0.75). Marshall et al. (2004) found that the linear curve had R2 values 
ranging between 0.67-0.81 from the control group to the three-benchmark group, 
respectively. These studies have identified that the relationship between how a subject 
perceives the force they are exerting and their resulting force estimate is encouraging and 
that this type of method can be used by practitioners in actual work settings (Marshall et 
al., 2004). 
There is a considerable amount of disagreement in the literature regarding the 
mathematical relationship between perceived and actual force of exertion. Our findings 
support those identified by Pincivero et al. (2000a, 2003), with quadratic curves fitting 
the data the best. However, one difference between these studies is that we found that the 
cubic and linear curves fit the data virtually the same as the quadratic curves for all four 
models. Both Cooper et al. (1979) and Marshall et al. (2004) reported that there were 
very small differences obtained from a linear curve and alternative regression models; 
agreeing with the findings from this study. Other researchers have also found that linear 
curves fit their data the best (Jackson and Dishman, 1999, McGorry et al., 2004), and yet, 
others have argued that a power curve be used to best explain the relationship between 
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perceived and actual force estimation (Stevens and Mack, 1959, Ljungberg et al., 1982, 
Gamberale et al., 1987). The discrepancy that exists in the literature regarding the best 
mathematical relationship may be due to slight variations in the way in which physical 
exertion perception is investigated between studies. Despite the fact that all three curves 
resulted in similar predictive power in the current study, it is suggested that the linear 
curves be used since they are the least complex and have the fewest number of terms. 
An important distinction between the absolute force reference system used by 
Deeb (1999), Jones (2003), and McDowell et al. (2006), and the relative force reference 
system used by Marshall et al. (2004) and this study, is that the latter enables the subjects 
to provide force estimates based on their inherent understanding of their overall strength 
capabilities. McDowell et al. (2006) had subjects try and memorize several hand and 
push forces, ranging from 15 N to 75 N, and then try to recreate these forces on an 
instrumented handle without any feedback. Without providing any information to the 
subject regarding the % MVC they were working at, and having them try and 'memorize' 
forces that have no real meaning to the subject, the forces were be forgotten by the 
subject within a few moments (Marshall et al. 2004). Wiktorin et al. (1996) also 
concluded from their work that without the subject having some previous learning, it is 
impossible to intellectualize the perceived manual forces exerted and quantify them into 
Newtons. When forces are expressed relative to the subject, they have to provide 
estimates based on their overall strength capabilities, which has been said to be ingrained 
in the individual and not forgotten over a short period of time (Marshall et al. 2004). 
Therefore, when using regression analysis to study force perception, it is 
important to remember that slight variations in the ways force perception is investigated 
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will alter the mathematical relationship that exists between them. In order to get the most 
accurate results, subjects should also be asked to self-report their hand forces as a 
percentage of their maximum, as hand forces that are expressed in relative terms seem 
superior in terms of minimizing error magnitude. 
5.7 Research Questions Revisited 
1. Does the presence of feedback during training improve how subjects are able to 
report their peak dynamic hand forces compared to when no feedback is present? 
• Group 1 and Group 2 were compared to see whether the presence of visual 
feedback, in addition to a verbal indication that the subject was about to exert 
their MVC, would improve peak dynamic hand force reporting. It was found 
that there were no statistically significant differences in the mean absolute 
errors between these two groups. 
2. How does the amount of training influence the subjects' abilities to report their 
peak dynamic hand forces? 
• Comparing the results from Group 2 and Group 3, it was found that adding 
another level of training (50% and 100% MVC in Group 3, and just 100% 
MVC in Group 2) had no effect on the ability of the subjects to verbally 
identify the force they were exerting. 
• There were no statistically significant differences between any of the Training 
Groups. This indicated that a less involved training protocol (Group 4) 
yielded similar results to the groups with more time consuming training 
protocols (i.e. Group 3). 
3. Is there a sex difference in peak dynamic hand force reporting? 
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• Males were better at reporting their peak dynamic hand forces, on average, 
even when all of the Force Levels were normalized to the individual (i.e. all 
forces were based on % MVC for each subject). 
4. Are peak dynamic hand forces reported with similar accuracy for pushes and 
pulls? 
• Subjects were better at reporting their peak dynamic hand forces for the 
pushing tasks, compared to the pulling tasks. 
5. Is there a difference in the accuracy of self-reported peak dynamic hand forces as 
a function of the amount of force exerted (low, medium, high levels)? 
• Errors were largest in magnitude at the medium Force Level (18.9% MVC) 
and smallest in magnitude at the low Force Level (8.9% MVC). 
6. Are subjects more likely to over or underestimate their level of exertion? 
• On average, subjects were approximately 3 times more likely to underestimate 
the actual forces in each of the Training Groups. 
7. What is the nature of the relationship between a subject's self-reported hand 
forces and their actual hand forces? 
• Four separate regression equations were produced to predict peak dynamic 
hand forces for push and pull exertions for men and women. Adjusted R2 
values for the equations ranged from 0.61 to 0.75, indicating that there was a 




The main limitations of this work are: 
1. The computer program selected hand force levels between the range of 10-90% 
MVC, and not the full range of 0-100% MVC. However, some subjects still 
reported values above and below 10-90% MVC. These values were reported as 
spoken. 
2. The duration of force application may not have been long enough to simulate 
actual working environment situations. Subjects ramped up their force until the 
point that the movement of the apparatus was initiated, which, on average, lasted 
3 seconds. Although fairly short in duration, this exertion period was held 
constant for all conditions and subjects. Future work should examine the role that 
exertion period plays on the reporting of peak dynamic hand forces. 
3. Fatigue was not quantified during the training and testing periods. Fatigue can 
alter an individuals' ability to perceive a force. However, ample rest was given 
after each task and subjects were given 10 to 15 minutes of rest between the 
training and testing phase, which should have been sufficient. Also, if at any time 
a subject verbally indicated that they were feeling fatigued, the procedure was 
stopped and they were allowed to take additional rest as required. 
4. The majority of the subjects in the study were healthy, active individuals from the 
Department of Kinesiology. Subjects that are physically active may be able to 
provide more accurate estimates of their exertions since they may have more body 
awareness than the average worker. However, it could be argued that, workers 
who do the same job regularly might be better at this task because they have a 
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high degree of training. This assumption needs to be tested in future field and 
laboratory experiments. 
5. The prediction equations that were generated in this study were not validated. 
The pushing and pulling exertions were performed on a rigid handle that had good 
coupling and did not give away unexpectedly, which could be the case in an 
actual work environment. This was a fairly ideal setting and does not represent 
the 'pure' lifting and lowering movements seen in many manual material handling 
tasks, or patient transfers. Future studies are required that assess different levels 
of training and include real-life tasks in a variety of workplace environments and 
conditions are necessary to improve the generalizability of the developed 
equations. 
6. The number of repetitions at each force level, during training, was not the same 
across all groups. Groups 1 and 2 performed 4 repetitions at 100% MVC (Group 
1 was unaware of this), whereas Groups 3 and 4 performed 2 repetitions at 50% 
MVC and 2 repetitions at 100% MVC. However, during training all of the 
subjects, except those in Group 4, were exposed to the same number of repetitions 
prior to testing. This was done to identify if the level of training, not the overall 
exposure (familiarity), was the reason behind how subjects were able to self-
report their hand force. 
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5.9 Future Directions and Method Application 
Limitations of this work have been identified in hopes of providing directions for 
future research. This study could be improved in the future by: including 'pure' lifts and 
lowers (tasks with exertions directly above the head and directly below the feet); having 
more realistic tasks that involve a variety of movements, such as those seen in an actual 
work setting; altering the duration of the force application; identifying the point at which 
the performance of the subject changes; and having a training group that receives no 
training other than being calibrated to 100% MVC. 
Based on the findings of this study, it is recommended that the proposed method 
could be applied in the field with some confidence. Relying on verbal estimates of 
applied hand forces would be particularly useful in situations where workers interact with 
objects or people in ways that cannot be measured by traditional means (for example, 
using a force gauge), because of soft or moveable interfaces, or because the work can not 
be interrupted (e.g. when a nurse transfers a patient). 
The subjects that received the least amount of training in this study (Group 4: 12 
repetitions) performed as well as the other groups that received more training. As a result, 
it is recommended that a training protocol similar to the Group 4 protocol could be used 
in the field to train workers. A modified, portable apparatus could be developed so that 
workers could execute the required exertions prior to being tested, in order to calibrate 
their perceptions of effort relative to their maximum exertion. Although this has not been 
attempted in the field to date, the results of this study suggest that further refinement of 
the method should be pursued, with the hope of implementing the approach in the field in 
the near future. 
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6.0 Conclusions 
1. The level of training did not improve the subjects' ability to report their peak 
dynamic hand forces. Group 4 received the least amount of feedback training 
which indicates that a simpler and less time consuming approach is able to 
yield results similar to the more involved training regiments. 
2. Males were better at estimating their level of force application than females. 
3. Subjects were better at reporting their level of force during the pushing tasks 
than pulling. 
4. Subjects reported their forces best at the low Force Level, followed by the 
high Force Level, and worst at the medium Force Level. Therefore, more 
training at the medium Force Level should be implemented to improve worker 
perception across all force levels. 
5. Subjects consistently underestimated their force application across all 
Training Groups, Sexes, Exertion Types, and Force Levels. 
6. Four separate simple regression equations were identified that produced 
strong relationships between actual and estimated peak dynamic hand forces. 
They are: male-push, female-push, male-pull, and female-pull. Overall, of the 
three curves fit to the data, it is recommended that a linear curve be used 
because it is less complex (i.e. least number of terms in the equation) as 
compared to the quadratic and cubic curves. 
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Table A2. Overall ANOVA table for absolute error between actual and self-reported 
peak dynamic hand forces. 
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